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Neuromodulators such as dopamine can transform neural circuit function, but the mechanisms underlying such transformations are incompletely understood. A recent study introduced dLight1, a genetically encoded fluorescent dopamine indicator. dLight1 allows the optical measurement of dopamine sensed by isolated target circuits with high spatiotemporal resolution and has unique advantages for the study of neuromodulatory mechanisms.
One of the most remarkable aspects of the nervous system is its flexibility: neural circuits can adapt an organism's behavior to an astonishing array of conditions, including adaptations on short timescales that would be impossible to implement via circuit rewiring. A major mechanism for this fast adaptation is through neuromodulation: neuromodulators such as dopamine, serotonin, and norepinephrine can quickly but reversibly reconfigure neural circuits by altering the intrinsic and synaptic properties of their target neurons.
A major challenge in the study of neuromodulation has been the ability to detect neuromodulatory chemicals in vivo at high spatiotemporal resolution. As our ability to precisely monitor and manipulate neuronal activity in vivo -for example, using genetically encoded calcium indicators and optogenetics -has advanced in recent years, this need for neuromodulatory sensors has become even more apparent. The ability to precisely measure the release of neuromodulators such as dopamine would offer great insight into mechanisms of neuromodulatory action, especially when multiplexed with other emerging tools in neuroscience. To this end, Patriarchi et al.
[1] engineered dLight1, a genetically encoded fluorescent dopamine indicator capable of sensing dopamine transients in awake, behaving animals. Dopamine receptors are members of the G protein-coupled receptor (GPCR) superfamily, which have seven transmembrane domains. dLight1 was created by replacing the third intracellular loop on a human dopamine receptor (D1, D2, or D4) with a circularly permuted GFP (cpGFP) module from GCaMP6 ( Figure 1A) [2]. The resulting GPCR binds dopamine, causing an increase in cpGFP fluorescence without activating downstream signaling cascades (cAMP). Thus, the expression of dLight1 does not appear to interfere with native GPCR signaling. Patriarchi et al. generated several versions of dLight1 (1-5) with varying dynamic ranges and affinities for dopamine, which could be useful for different types of studies. In general, they observed a tradeoff between dynamic range (DF/ F max ) and apparent affinity, although continued engineering of dLight1 may eventually overcome this limitation. Patriarchi et al. also generated a mutated version of dLight1 that does not bind dopamine, providing a reliable control for future experiments.
Because dLight1 is a fast, genetically encoded optical sensor, it offers several advantages over other approaches. Most notably, unlike microdialysis or fast-scan cyclic voltammetry (FSCV), dLight1 offers high temporal and spatial resolution as well as the potential to genetically isolate cells of interest for study. Additionally, while both microdialysis and FSCV largely reveal extrasynaptic neuromodulator dynamics, the membrane-bound nature of dLight1 means that it senses dopamine only in close proximity to the postsynaptic cell of interest. Although dLight1 is not confined to the synapse, high-resolution imaging of this sensor in combination with synaptic markers could differentiate between synaptic and extrasynaptic signals. Finally, because dLight1 is an optical sensor compatible with one-and twophoton imaging ( Figure 1B) , images acquired across days could be registered using structural markers, allowing longitudinal analyses of dopamine sensing in defined areas over multiday behavioral experiments.
Calcium imaging in dopamine neurons, using for instance genetically encoded calcium indicators (GECIs), has also emerged as a potential tool to monitor dopamine dynamics in a defined area. For example, Howe and Dombeck [3] used GECIs in combination with both fiber photometry and two-photon imaging to observe calcium signaling changes in striatum-projecting dopaminergic axons originating from the midbrain, and discovered phasic dopamine transients associated with locomotion. However, the measurement of calcium dynamics in dopaminergic axons does not map straightforwardly onto dopamine release dynamics. Several well-known mechanisms regulate dopamine release independently of action potential firing, including inhibition by presynaptic nicotinic acetylcholine receptors and dopamine D2 autoreceptors [4] . Additional changes in extracellular dopamine concentration resulting from action potential-independent mechanisms, such as changes in reuptake, would also not be
